Budding yeast has served as an important model organism for aging research, and previous genetic studies have led to the discovery of conserved genes ⁄ pathways that regulate lifespan across species. However, the molecular causes of aging and death remain elusive, because it is very difficult to directly observe the cellular and molecular events accompanying aging in single yeast cells by the traditional approach based on micromanipulation. We have developed a microfluidic system to track individual mother cells throughout their lifespan, allowing automated lifespan measurement and direct observation of cell cycle dynamics, cell ⁄ organelle morphologies, and various molecular markers. We found that aging of the wild-type cells is characterized by an increased general stress and a progressive lengthening of the cell cycle for the last few cell divisions; these features are much less apparent in the long-lived FOB1 deletion mutant. Following the fate of individual cells revealed that there are different forms of cell death that are characterized by different terminal cell morphologies, and associated with different levels of stress and lifespan. We have identified a molecular marker -the level of the expression of Hsp104, as a good predictor for the lifespan of individual cells. Our approach allows detailed molecular phenotyping of single cells in the process of aging and thus provides new insight into its mechanism.
Introduction
Half a century ago, Mortimer and Johnston made the seminal discovery that individual cells of budding yeast have a finite lifespan even though the whole clone is immortal (Mortimer & Johnston, 1959) . This is possible as budding yeast divides asymmetrically, giving rise to a mother and a daughter that have different lifespans. While the mother cell progressively ages, the lifespan of the daughter is, to a good approximation, independent of the age of the mother. Mortimer and Johnston observed that individual mother cells become senescent and eventually die after producing on average about 25 daughters, a phenomenon termed 'replicative aging'. In the 50 years since their initial discovery, yeast replicative aging has been established as an important model system, and genetic studies of mutants that alter the replicative lifespan have revealed many insights into conserved pathways and molecular mechanisms that function in other species (Johnson et al., 1999; Bishop & Guarente, 2007; Kaeberlein, 2010a) . Such knowledge is beginning to translate into potentials for drug intervention, and indeed, some of the promising anti-aging drugs, originally found to extend the lifespan of yeast, have already moved to clinical trials for treating age-related diseases (Powers et al., 2006; Medvedik et al., 2007; Kaeberlein, 2010b) .
Despite the enormous progress made in the field over the last several decades, some of the fundamental questions remain unanswered. What goes wrong with the cell as it progressively ages? What are the changes occurring in various organelles during aging? What types of molecular damage eventually cause cell cycle arrest and cell death? Genetic studies have identified a number of mutants that extend lifespan. However, the downstream mechanisms of action through which these mutations exert their effect on lifespan are largely unknown.
A major limitation to yeast aging research has been the inability to track mother cells and observe molecular markers during the process of aging. Fifty years after Mortimer and Johnston's discovery, the technology used to analyze replicative aging remained essentially the same. To measure the number of daughter cells produced by each mother cell, Mortimer and Johnston grew yeast cells on an agar plate and used a micromanipulator (a microscope with a dissector) to remove daughter cells after each cell division. This is still the most widely used method for analyzing yeast lifespan. However, because the cells are grown on an agar plate, it is almost impossible to follow cell and organelle morphologies and track molecular markers throughout the lifespan of individual cells. Such high-resolution, single-cell analysis is critical for developing a mechanistic understanding of cellular aging and death. In addition, the traditional assay is laborious and time-consuming, which makes it very difficult to perform large-scale screening for mutants with lifespan phenotypes. Previously, a number of attempts have been made to automatically separate the daughter from the mother cell by using microdevices (Koschwanez et al., 2005; Ryley & Pereira-Smith, 2006) . However, the devices developed so far lack sufficient stability and can track mother cells only for the first few generations, a time scale too short for the aging study.
Here, we report the development of a microfluidic system capable of retaining mother cells in the microfluidic chambers while flushing away the daughter cells throughout the lifespan of the mother cells. Coupled with time-lapsed microscopy, the system allows us to simultaneously follow lifespan, cell division dynamics, cell ⁄ organelle morphology, and various fluorescently labeled proteins, in a large number of individual cells. Using this system, we were able to characterize various cellular and molecular phenotypes of aging cells, identify a molecular marker predictive of the lifespan of individual cells, evaluate the relevance of specific stresses to the aging process, and perform detailed molecular 'autopsies' to examine the potential causes of cell death. Such detailed molecular characterization adds a new dimension to the analysis of the mechanism of cellular aging and death.
Results
The design of the microfluidic system and automated lifespan measurement
To develop a microfluidic system that can retain mother cells while flushing away daughter cells, we have made use of the two properties of the mother cells that distinguish them from their daughters: (i) mother cell is in general larger than it's daughters; and (ii) mother cell keeps the old cell wall, while the cell wall of its daughters is newly synthesized. Previous designs exploited the size difference between mother and daughter in order to separate them, for example, a microfluidic device was developed that confines mother cells in microjails with open gates for daughter cells to escape. However, such a device only works for the first few generations. As the size of the mother and the daughter cells grows with age, the daughter cells eventually become large enough to jam the gates (Ryley & Pereira-Smith, 2006) .
We found that confinement of the mother cells from the direction perpendicular to the flow plane (by setting the height of microfluidic chambers comparable to the size of the mother cells) achieves better differential retention between mother and daughter cells. However, the effect is sensitive to the height of the chamber and the flow speed, causing the system to perform unreliably. The cells tend to either flush away or clog the device after several generations. To further differentially immobilize mother cells, we chemically modified the surface of the mother cells by Sulfo-NHS-LC-biotin and modified the glass surface by biotinylated-BSA followed by neutravidin, so that the mother cells will adhere to the surface because of the formation of biotin-avidin complex (Fig. 1B) . Daughter cells do not stick to the surface because they synthesize their cell wall anew. This chemical modification, by itself, does not produce a bond strong enough to withstand flow speeds sufficient for mother-daughter separation. However, in concert with the geometric confinement of the chamber, it permits the system to retain the mother cells without jamming throughout their lifespan. One chip design is illustrated in Fig. 1 , with the geometry of the chambers and channels shown in Fig. 1C . Such a design leads to a smooth gradient of flux in different chambers, which is convenient for exploring the range of flux that is sufficient to separate the daughter cells (Fig. S1 ). The typical flow velocity in the main channel is 300 lm s . A number of considerations went into the design, and several parameters were optimized after comparative studies of many different devices. These include the geometries of the chambers and channels that best discriminate mother from daughter, the uniformity of the flow speed in different chambers, the design of the main and the side channels to guide occasional air bubbles so that they will not wipe out the loaded cells, and a cell loading protocol that optimizes the adhesion of mother cells to the surface. The details of the design, the parameters, and the experimental protocols are described in the Supporting information, and videos showing typical experiments are also included.
Using the designed microfluidic device and time-lapsed microscopy, we continuously monitored the growth and division of initially loaded mother cells throughout their lifespan (typically recording up to 3 days with a 10-min time interval). The lifespan of each mother cell was obtained by counting the number of daughter cells it produced (see sample videos from the Supporting information). We observe typically more than 60 cells in order to obtain a lifespan distribution, and the cumulative distribution (percent of cells with lifespan longer than a given number of generations) gives the standard survival curve. Our automated lifespan measurement reproduced the results from the previously identified longlived mutants. One example is the FOB1 deletion mutant (Fig. 2B) . Consistent with the previous plate-based assays, we observed a significant increase in the lifespan compared to the wild-type strain (Defossez et al., 1999) . As a control, we grew a wild-type strain with a GFP tag under identical conditions and loaded the control and mutant cells together into the same chamber, such that the growth condition and the environment are identical. GFP tagging of the wild-type strain did not alter the lifespan, because the tagged strain has identical survival curve as the nontagged strain ( Fig. 2A) . Although the lifespan of the wild-type strain is shorter than that from the plate assay, the strict control we employed allowed us to observe the relative effect on lifespan caused by specific mutations. Our setup allows a medium-throughput screening for mutants with lifespan phenotype; one of the current designs has eight channels controlled by independent pumps, allowing lifespan measurements for eight different strains in parallel.
Monitoring lifespan and gene expression in single cells identified a lifespan marker
The ability to track individual mother cells in the microfluidic chambers allowed us to monitor cell growth ⁄ division and various molecular markers simultaneously. To investigate the nature of the damage that may cause mother cells to age, we analyzed a number of stress response reporters, including a reporter for the promoter activity of the molecular chaperone Hsp104 -a GFP driven by the HSP104 promoter (Fig. 3A) . Previous study found that after a brief heat shock, the level of a GFP reporter driven by the HSP-16.2 promoter positively correlates with the lifespan of individual worms (Rea et al., 2005) . We found that in the context of aging without externally imposed stress, the activity of HSP104 promoter negatively correlates with the lifespan of individual yeast cells (r = )0.67 and P-value = 2e)10, Fig. 3B): cells with lower level of HSP104 promoter activity have longer replicative lifespan. Hsp104 is a heat-shock protein that cooperates with Hsp40 and Hsp70 to refold and reactivate previously denatured aggregated proteins, and its expression can be induced by heat-shock or artificial unfolded proteins (Glover & Lindquist, 1998; Kaganovich et al., 2008) . The observation of a negative correlation between Hsp104 expression and the lifespan of individual cells prompted us to ask whether unfolded ⁄ aggregated protein stress is the upstream signal. We thus wish to analyze the activity of the upstream regulators that control HSP104 promoter.
It is known that the HSP104 promoter is controlled by the general stress response transcription factors Msn2 ⁄ 4 and Hsf1, a heat-shock transcription factor (Grably et al., 2002) . While Msn2 ⁄ 4 activity is induced by general stress (Boy-Marcotte et al., 1998; Garreau et al., 2000; Gasch et al., 2000; De Wever et al., 2005) , Hsf1 activity is specifically induced by unfolded proteins (Hahn et al., 2004; Eastmond & Nelson, 2006) . Bioinformatic analysis of HSP104 promoter sequence revealed that it contains a binding site for Hsf1 (heat-shock element or HSE) and several binding sites for Msn2 ⁄ 4 (stress response element or STRE) (Boy-Marcotte et al., 1999) . To delineate the effect due to the regulation by Msn2 ⁄ 4 and Hsf1, we constructed a dual reporter, with a GFP fused to a crippled CYC1 promoter (which is transcriptionally silent in the absence of an upstream activating sequence) with HSE upstream and a mKate fused to a similar promoter with STRE upstream (Fig. 3C) . Tracking the dual reporter as a function of age in individual mother cells revealed that the Msn2 ⁄ 4 reporter expression increases with age in a subpopulation of cells, while the expression of the Hsf1 reporter remains the same throughout the lifespan (Figs. 3D and S2 for more examples). We checked that the Hsf1 reporter is inducible in old mother cells by heat shock. Thus, we did not find evidence that yeast aging is accompanied by an elevated unfolded ⁄ aggregated protein stress.
Evaluating specific stresses as candidate for the cause of aging
In search of other specific stresses that may cause the up-regulation of Msn2 ⁄ 4 activity during aging, we tracked several fluorescence markers that report the level of oxidative stress, osmotic stress, and ER stress (stress due to unfolded proteins in the endoplasmic reticulum), respectively. Oxidative stress is a leading candidate, as oxidative damage has long been proposed to be a major cause of aging (Harman, 1956; Shigenaga et al., 1994; Finkel & Holbrook, 2000; Balaban et al., 2005) , and a prime cause of oxidative damage is believed to be the reactive oxygen species (ROS) produced by the mitochondria. Consistent with this theory, we found that ROS level, as measured by DCFH-DA staining, increases significantly in old cells relative to young cells (Fig. 4A) . DCFH-DA can be oxidized to become fluorescent by a number of oxidants (Bilski et al., 2002; Bonini et al., 2006) . Interestingly, several reporters for oxidative stress do not show age dependence. For example, a reporter for Yap1 activity (a CYC1 promoter containing Yap1 binding sites) remains the same for the entire lifespan of the mother cells (Fig. 4B ). Yap1 is a transcription factor that regulates the transcription of its target genes in response to oxidative stress (Toone & Jones, 1999; Temple et al., 2005) and is sensitive to hydrogen peroxide (Delaunay et al., 2000) (Fig. S3) . The expression of GSH1, which is a transcriptional target of Yap1, also showed no increase with age (Fig. 4C ). In addition, the level of a fluorescent marker that reports the redox potential of the cell [roGFP with two different excitation wavelengths for the two different confirmations that correspond to the oxidized and the reduced forms (Hanson et al., 2004; Merksamer et al., 2008) ] also remains the same throughout the lifespan (Fig. 4D) . ro-GFP may sense oxidant by a mechanism similar to Yap1, that is, via the oxidation of cysteine residues to form intramolecular disulfide bond (Hanson et al., 2004) . Together our data indicate that ROS level increases in old cells; however, hydrogen peroxide or related species (such as superoxide or single oxygen) may not be directly responsible for such increase.
We have analyzed reporters for osmotic stress and ER stress and found no evidence that they increase with age. ER stress was reported by a CYC1 promoter with the binding site of Hac1, which is a transcription factor that turns on several hundred target genes in response to accumulated unfolded proteins in ER (Cox & Walter, 1996; Mori et al., 1996) . We found that for the majority of the cells, the expression of the ER stress reporter decreases slightly as they age (Fig. S5) . Osmotic stress was reported by a Hog1-GFP construct and by observing the change of the protein localization. It is known that under normal condition Hog1 localizes to the cytosol, while under osmotic stress, it re-localizes to nucleus (Mattison & Ota, 2000) . We have observed no change of localization throughout the lifespan of mother cells.
Cellular ⁄ molecular phenotyping of aging in wild-type and long-lived mutant cells
In addition to lifespan and molecular markers, the continuous imaging of mother cells also provides detailed information about cell growth and cell division dynamics, which can lead to mechanistic insight. We recorded the time at which each bud appeared and plotted the time interval between two successive budding events as a function of the generation (Figs. 5A and B) . Comparing this budding profile between the wild-type strain and the long-lived FOB1 deletion mutant revealed a striking difference. While the average budding time interval is comparable between the two strains, their budding profiles showed very distinct age dependence. For the wild-type, for the majority of the cells, the budding time interval is more or less uniform through most of the lifespan and becomes progressively longer for the last few cell divisions (Fig. 5A) . The interval between the last and the second to the last budding is usually the longest, indicating that accumulated 'damage' causes cell cycle delay and eventually arrest. For the FOB1 deletion mutant, we found clear subpopulations (Figs. 5B and S4 ). In the first subpopulation, cells have a constant budding time interval until they reach a sudden death (a sudden shrinkage of the cell volume) with no presymptoms based on cell morphology or cell division dynamics. In the second subpopulation, cells have intermittent long budding time intervals in the middle of their life followed by faster (but still slower than the wild-type) budding. Only a small number of cells show progressively lengthening cell cycle as observed in most of the wildtype cells. Fob1 is a nucleolar protein that binds the rDNA replication fork barrier site and is required for replication fork blocking. Previous studies indicate that FOB1 deletion extends lifespan by reducing extrachromosomal ribosomal DNA circles (ERCs) (Defossez et al., 1999) . Our observations suggest that while FOB1 deletion helps alleviate the problem associated with ERC, it might also cause problems with DNA replication and recombination. While the subpopulation with progressively lengthened cell cycle is greatly reduced, the subpopulation with sudden death and another subpopulation with delayed cell cycle in the middle life increase. In the latter case, perhaps certain DNA repair mechanisms are engaged in response to DNA damage signal to recover cell growth ⁄ division.
To further characterize aging in the wild-type and in the FOB1 deletion mutant cells, we compared the activity profiles of the STRE reporter (reflecting the activity of the general stress response regulator Msn2 ⁄ 4) in the two strains. We found that this molecular marker also displayed a striking difference between the wild-type and FOB1 deletion mutant. While the reporter activity increases with age in a significant fraction of wild-type cells, it remains low and flat throughout the lifespan of most mutant cells, suggesting that the upstream stress signal that causes Msn2 ⁄ 4 to respond in the wild-type has been alleviated ( Fig. 5C and D) . This difference in the stress response behavior is consistent with the observation that FOB1 deletion greatly reduces the subpopulation with a progressive slowdown of their budding time intervals, suggesting that the increase in general stress and lengthening of cell cycle in the wild-type cell might be caused by the same upstream signal, which is reduced by the FOB1 deletion.
Different forms of cell death
To investigate the possible causes of cell death, we analyzed terminal cell morphologies after the aging cells stopped dividing. We found several different forms of cell death, characterized by different terminal morphologies and different stress reporter levels; two forms predominate, referred to here as type I and type II death. In type I death, the dead cells assume a rounded shape (Fig. 6A, red arrows) , and the daughter cells produced by the last few cell divisions can no longer divide. In type II death, the dead cells assume an elongated shape, and the last daughter cannot separate from the mother cell (Fig. 6A, green arrows) . Cells terminated by type I death have on average a shorter lifespan and a higher level of HSP104 promoter activity compared to those terminated by type II death (Fig. 6B  and D) .
More detailed analysis of various organelles (by following molecular markers and using chemical staining) revealed different degrees of damage in the two types of cells. In particular, we found that the type I death is characterized by a more severe mitochondrial dysfunction compared to type II death, as indicated by a complete loss of the mitochondrial marker Leu4-GFP (Leu4 is an enzyme in the leucine biosynthetic pathway and is located in mitochondria). In contrast, Leu4 marker is more or less normal in cells terminated by the type II death (Fig. 6C) . Measuring mitochondrial proton gradient by DiOC 6 (3) staining showed similar difference between the two types. It is possible that the elevated stress response in type I death is related to the more severe mitochondrial damage, but further experiments are needed to establish the link.
Discussion
The microfluidic system we developed for analyzing yeast aging has a number of advantages. The ability to track individual mother cells for a large number of generations by time-lapsed microscopy made it possible to automate the lifespan measurement, which is much more efficient than the traditional approach based on micromanipulation. Our current designs have multiple channels on the same chip that can be controlled independently, allowing the study of multiple strains in parallel. More importantly, the ability to simultaneously track cell division dynamics, morphological changes, and various molecular markers opens up new windows through which we can examine the mechanistic details of the aging process. Using this approach, we identified a molecular marker that is predictive of the lifespan of individual cells, found striking differences in cell division dynamics and stress response behavior between the wild-type cells and the long-lived FOB1 mutant, and revealed different forms of cell death in the aging population that can be characterized by different terminal cell morphologies and stress levels. These observations serve as a starting point for further investigation of the mechanisms of aging and death.
The microfluidic device we developed for this study used both geometric confinement (perpendicular to the flow direction) and mother cell surface modification to differentially retain mother cells. However, it is possible to generalize the chip design to achieve differential mother cell retention only by geometric confinement, eliminating the requirement for surface modification. We have recently developed a prototype design in which an array of islands in a microfluidic channel can trap mother cells in the gap between the top of the island and the surface of the channel. Such design solved the problem of jamming as the size of the microcolonies is limited by the size of the islands -cells growing out of the islands are flushed away.
Our examination of the correlation between Hsp104 expression and lifespan in individual cells was motivated by an early observation that linked Hsp-16.2 expression with the lifespan of individual worms (Rea et al., 2005) . Rea et al. reported that after a transient heat shock, the induction level of Hsp-16.2 positively correlates with the lifespan of individual worms, that is, worms with a higher level of induction live longer. We found that in yeast, in the context of natural aging with no externally imposed stress, HSP104 promoter activity negatively correlates with the lifespan, that is, cells with lower expression level of Hsp104 live longer. These observations in two different organisms may not necessarily conflict each other, as in the former case in worm, a higher level of Hsp-16.2 after heat shock may indicate a better ability to respond to stress, and perhaps leads to better protective effect, while in the latter case in yeast, a higher level of Hsp104 may indicate that the cell is more stressed. A recent study in flies yielded results similar to our observation (Yang & Tower, 2009) . The finding of a molecular marker that is predictive of lifespan can have important applications, for example, for screening mutants and drugs that can extend lifespan, if the marker is predictive of lifespan across different strains and different environmental conditions. This is currently under investigation.
Our study suggests that aging in yeast cells is accompanied by an increased general stress, as reflected by the expression level of the Msn2 ⁄ 4 reporter. One possible candidate for the upstream signal is the extrachromosomal ribosomal DNA circle (ERC), which has been implicated in yeast aging (Sinclair & Guarente, 1997) . We observed that in the wild-type cells, cell cycle for the last few cell divisions progressively lengthens, accompanied by increased general stress. However, FOB1 deletion, which is known to reduce ERC formation (Defossez et al., 1999) , seems to alleviate these problems. Thus, the accumulation of ERC may cause the drastic increase in stress and lengthened cell cycle for the last few cell divisions. Could the elevated Msn2 ⁄ 4 response be caused solely by slowed growth in old cells? Our single cell data seem to argue against this possibility as we often observed significant increase in Msn2 ⁄ 4 reporter level long before appreciable slowdown of cell cycle (Figs 3D and S2) .
Oxidative damage by ROS has long been proposed to be a major cause of aging, and there are ample data demonstrating the correlation between oxidative damage and aging in different species (Shigenaga et al., 1994; Sohal et al., 1994; Finkel & Holbrook, 2000; Balaban et al., 2005) . In the context of yeast replicative aging in rich media, we observed a significant increase in ROS level in aged cells as measured by the DCFH-DA staining. Our data from several live reporters for oxidative stress suggest that hydrogen peroxide and related species (such as superoxide and single oxygen) may not be the responsible oxidants.
As a striking demonstration of the heterogeneity of the aging phenomena, we found different forms of cell death in the aging population. Cells that died of different forms assume different terminal morphologies and have different stress levels and lifespan, which is consistent with having subpopulations with lifespan limited by different factors. These different forms of cell death may be caused by stochastic failure of different organelles ⁄ cellular processes. The exact mechanism is still unknown, but our preliminary studies indicate that type I death may relate to severe mitochondrial problems, while type II death may be due to DNA damage. This is consistent with previous finding that mutation in the DNA repair pathway can alter the relative proportion of cells with different terminal morphology (McVey et al., 2001) . By combining the power of microfluidic devices with various molecular markers and staining techniques, one can perform molecular 'autopsy' of the single cells with high resolution and thus probe deeply into the molecular mechanisms of cell aging and death.
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